Burkholderia cepacia complex bacteria are amongst the most feared of pathogens in cystic fibrosis (CF). The BCC comprises at least 20 distinct species that can cause chronic and unpredictable lung infections in CF. Historically the species B. cenocepacia has been the most prevalent in CF infections and has been associated in some centers with high rates of mortality. Modeling chronic infection by B. cenocepacia in the laboratory is challenging and no models exist which effectively recapitulate CF disease caused by BCC bacteria. Therefore our understanding of factors that contribute towards the morbidity and mortality caused by this organism is limited. In this study we used whole-genome sequencing to examine the evolution of 3 clonal clinical isolates of B. cenocepacia from a patient with cystic fibrosis. The first isolate was from the beginning of infection, and the second two almost 10 years later during the final year of the patients' life. These isolates also demonstrated phenotypic heterogeneity, with the first isolate displaying the mucoid phenotype (conferred by the overproduction of exopolysaccharide), while one of the later two was nonmucoid. In addition we also sequenced a nonmucoid derivative of the initial mucoid isolate, acquired in the laboratory by antibiotic pressure. Examination of sequence data revealed that the two late stage isolates shared 20 variant nucleotides in common compared to the early isolate. However, despite their isolation within 10 months of one another, there was also considerable variation between the late stage isolates, including 42 single nucleotide variants and three deletions. Additionally, no sequence differences were identified between the initial mucoid isolate and its laboratory acquired nonmucoid derivative, however transcript analysis indicated at least partial down regulation of genes involved in exopolysaccharide production. Our study examines the progression of B. cenocepacia throughout chronic infection, including establishment of sub-populations likely evolved from the original isolate, suggestive of parallel evolution. Additionally, the lack of sequence differences between two of the isolates with differing mucoid phenotypes suggests that other factors, such as gene regulation, come into play in establishing the mucoid phenotype.
Introduction
Bacteria belonging to the Burkholderia cepacia complex (BCC) are highly problematic pathogens in people with cystic fibrosis (CF) . There are at least 20 distinct species of bacteria in the BCC, and all except for B. ubonensis have been isolated from the lungs of people with CF [1] [2] [3] . Historically, B. cenocepacia has been considered the most problematic species. Epidemic spread of B. cenocepacia has previously resulted in high rates of prevalence of this species in CF populations [4] [5] [6] . Furthermore, B. cenocepacia has been associated with high rates of mortality in some centers as well as exhibiting an elevated risk for death following lung transplantation [7] [8] [9] [10] [11] [12] , and high levels of intrinsic resistance to antimicrobial agents [6, 11, [13] [14] [15] [16] .
Further complicating our understanding of the pathobiology of BCC is their unpredictable infection outcome. Some people will experience severe and rapidly fatal infections, while others will experience a mild infection with little impact on lung function [17, 18] . Most seriously, in some instances BCC bacteria can result in a rapidly invasive and typically fatal necrotizing pneumonia known as 'cepacia syndrome' [19] . The causes of these disparate outcomes are not understood and there are limited studies on adaptation of BCC bacteria to chronic infection in the CF lung.
We have previously described the prevalence of the mucoid phenotype in clinical sequential clonal isolates of BCC bacteria [20] . Both mucoid and nonmucoid BCC can cause infection in the CF lung, however during chronic infection phenotype switches are predominantly from the mucoid to nonmucoid phenotype. Significantly we have also shown that the degree of mucoidy displayed by clinical isolates of BCC is inversely related to both subsequent lung function decline and survival [17] . Supporting the notion that nonmucoid BCC are more virulent in the CF lung, proteomic and transcriptomic studies on a mucoid/nonmucoid clonal pair of isolates of B. cenocepacia from the late stage of a CF infection revealed elevated production of putative virulence determinants in the nonmucoid isolate [21] . Additionally, it was previously found that the nonmucoid variant formed biofilm and produced quorum sensing signaling molecules, while the mucoid variant demonstrated lower interaction with human leukocytes [22] .
The genetic determinants of the mucoid phenotype are unknown, however, various genes have been hypothesized to be involved in exopolysaccharide (EPS) production. bce-I and bce-II are the only genes that have been shown experimentally to be involved in EPS production in Burkholderia [23] . Underlining the complexity of EPS production, BCC are thought to be able to produce at least seven different EPS [24] , of which the isolates used in this study have been shown to produce at least three [22] . Additional EPS producing clusters that have been putatively identified include the wcb cluster, BCAM1330-BCAM1340 [25] , as well as others (see Table 3 in: [26] )
Next-generation whole-genome sequencing (WGS) now allows high-resolution insight into genomic changes that occur between sequential clonal isolates taken from patients at different time points during infection. This technology has already been employed to examine longitudinal isolates from a large outbreak of Burkholderia dolosa in CF patients in Boston [27] . In this study the authors examined sequential isolates from 14 patients and found evidence of 17 genes that were under strong selective pressure during chronic infection. Notably, the mutations they defined included gain of function mutations in antibiotic resistance and O-antigen switching. The only WGS data to date that has examined adaptation of B. cenocepacia to chronicity is a study examining experimental evolution of 6 populations across 1,050 generations in a biofilm model of evolution [28] . These data have shown, like the B. dolosa study, that there is selection of a limited number of pathways during this model of chronic infection and indeed this study also identified genes involved in LPS modification.
In this study we have used WGS to investigate: i) the evolution of B. cenocepacia during a well characterized single case of infection by comparing the initial isolate with two other isolates taken from later during infection and ii) the genetic similarities between exopolysaccharide production variants taken from chronic infection and derived in-vitro following antibiotic pressure of the original mucoid isolate from this infection.
Methods

Isolates
The isolates we investigated in this study have been described previously [17, 22] . C3921, C8963 and C9343 are sequential isolates from the same patient. C3921-CTZ32G is an in-vitro derived nonmucoid isolate of the mucoid C3921 following exposure to super-MIC levels of ceftazidime (chosen because of its use in treating CF lung infections, including this patient's BCC infection) [17] . Isolates were stored at -80°C in Mueller Hinton broth supplemented with 8% DMSO and have been minimally passaged since their original isolation.
DNA extraction
Bacteria were revived from freezer stocks on Columbia Blood Agar plates at 37°C and single colony purified. Overnight cultures were established by inoculating several discrete colonies from the purified plate into 3 ml of Luria Bertani broth (10 g l -1 tryptone, 5 g l -1 yeast extract and 1-g l -1 sodium chloride) in a 15 ml snap top tube and incubating overnight at 37°C on an orbital rotating platform. DNA extraction was then performed exactly as per the Gram-negative bacteria protocol from a Qiagen Gentra Puregene Kit.
RNA extraction
RNA was extracted from 16-hour cultures (OD 600 1.2) grown in yeast extract mannitol broth (4 g l -1 mannitol and 0.5 g l -1 yeast extract) using the Qiagen RNeasy Mini Kit. RNA was eluted in water and genomic DNA was removed using Turbo DNAse (Life Technologies) and stored at -80°C until use.
Quantitative RT-PCR
cDNA synthesized from 10ng of extracted RNA using qScript DNA SuperMix (Quanta BioSciences) and 1:10 aliquots were used for subsequent quantitative PCRs. Primers for transcripts bce-B, bce-E, bce-G, bce-R, encoded by the cepacian biosynthesis genes, were used as previously designed by Ferreira et al., as were primers for the reference gene gyrB [29] . Reactions were assembled in a final volume of 25 μl containing 12.5 μl of 2X SYBR Green, 10.5 μl nuclease-free H 2 O, 1 μl cDNA and 1 μl of a 5 μM stock of primer pairs. Negative controls of nuclease-free H 2 O and RNA that had not undergone cDNA synthesis were used. Reactions were performed using a ViiA 7 Real-Time PCR System (Life Technologies). An initial cycle of 50°C for 2 mins was followed by 95°C for 2 mins for denaturation. There were then 40 cycles of 95°C for 15 secs followed by 57°C for 1 min followed by a melting curve stage. The ΔΔC T was used to calculated relative gene expression by normalizing all transcripts to the gyrB reference. All experiments were performed in triplicate using three separate biological samples and standard errors of the mean calculated.
DNA sequencing
Indexed sequencing libraries were created using the Nextera kit (Illumina, San Diego, CA) according to the manufacturer's instructions. The libraries were sequenced on either the 
Bioinformatics
Illumina adapters were removed from raw fastq files using cutadapt [30] , after which reference based mapping to the Burkholderia J2315 reference [26] was performed, separately for each sample, using bowtie2 [31] with options:-phred33-local-dovetail-maxins 850. Variant positions were called using samtools [32] , and to ensure high confidence, were filtered based on five parameters: (i) minimum read depth of five with at least one read in each of the forward and reverse direction; (ii) maximum depth not greater than the highest 2.5% of the distribution for the sample; (iii) minimum root-mean-square read mapping quality of 30; (iv) minimum of 75% of reads supporting the consensus call; (v) calls required to be homozygous under the diploid model assumed by samtools; using a bespoke Python script.
De novo assembly was performed on the unmapped reads following assembly with bowtie2, as well as the entire read set, using Velvet [33] in conjunction with the VelvetOptimiser (http:// bioinformatics.net.au/software.velvetoptimiser.shtml). All contigs >500bp (mean 200 and 1412 per sample for unmapped and all reads respectively) were used in downstream analyses.
To identify large regions varying between samples and not present in J2315, contigs produced from the unmapped reads were entered into Mauve [34] and NUCmer [35] to identify unique regions. Confirmation of any regions identified was then performed using BLAST searches of the region against the Velvet contigs made from the entire read set, and if the region was not present in every sample it was deemed a variant. Larger variants between samples and present in the reference, were identified using a window based approach on the reference based assembly, where any region of 1kb with >500bp different between two samples was identified. BLAST Ring Image Generator (BRIG) was used to generate visual genome comparisons with the J2315 reference [36] with low-confidence calls in the query being assigned the corresponding base from the reference sequence.
Investigation of selected regions
Five regions implicated in EPS biosynthesis: bce-I (BCAM0854-BCAM0864), bce-II (BCAM1003-1011), wcb (BCAL3218-3245), BCAM1330-1349 [25] and the BCESM region were examined by extracting their sequence from the J2315 reference and using it as a BLAST query against the de novo contigs > 1kb produced from the entire read set. The regions from the contigs that matched the query were then aligned and compared. Since BCESM is a longer region, its investigation required manual contig joining.
Results
In order to gain insight into changes in B. cenocepacia bacteria during chronic infection we sequenced three clinical isolates from a lung infection in a person with cystic fibrosis, as well as one laboratory derived nonmucoid variant (Fig 1) . C3921 is the first stored isolate from this infection and displays the mucoid phenotype. C8963 was isolated 9 years and 3 months after C3921, while C9343 was isolated 10 years after C3921 and is also the final isolate we have stored for this patient.
The whole-genome sequence data at the 7 alleles used for MLST in BCC showed that all isolates were ST-33. Comparison of concatenated MLST gene fragments from our isolates to B. cenocepacia strains representative of the clonal diversity in the recA subgroup of this species (Fig 2) , showed that ST-33 is most closely related to ST-32, which is a trans-continental epidemic strain that has been responsible for infections in Canadian patients and a large outbreak of B. cenocepacia in CF population in the Czech Republic [4, 37] .
Overview of Whole-Genome Sequencing Results
We chose to map our results against the completed genome sequence for B. cenocepacia J2315 because J2315 is the type strain for the B. cenocepacia species, belongs to the same recA group A evolutionary lineage as the isolates used in our study and because the J2315 genome is complete, very well annotated and actively curated at www.burkholderia.com [26, 39] . A mean of 1.2 million reads were produced per sample, of which a mean of 85.5% (range 83.9-86.7%) were mapped to the J2315 reference, resulting in a mean coverage of 89.4% of the reference with median depth of 57. After filtering, calls were made for a median of 81.4% of the reference.
In order to identify any regions in our samples that may not be present in the J2315 reference, de novo assembly was performed on all reads that did not map to J2315. This resulted in 84 contigs. 56 contigs were excluded as either common conserved regions between many bacteria, or contamination if they mapped to species other than Burkholderia that are considered Isolates examined in this study. Four isolates were sequenced in this study: i) C3921 -the first isolate of B. cenocepacia from this patient, this isolate displays the mucoid phenotype; ii) C8963 -isolated 9 years and 3 months after the initial isolate, this isolate displays the nonmucoid phenotype; iii) C9343 -isolated 10 years after C3921 and 3 months prior to the death of this patient, this isolate was mucoid and iv) C3921-CTZ32G a nonmucoid variant of C3921 isolated in the laboratory following exposure to higher than MIC levels of the antibiotic ceftazidime [17] . Scale is time in years from first isolate. unlikely to undergo horizontal transfer with Burkholderia (Herminiimonas, Laribacter, Acidovorax, Homo sapiens). 21/28 remaining contigs could be mapped to 7 different regions, each missing in one isolate. However, all of these contigs were <1200 bp and may have represented repetitive regions that may have been difficult to map. Interestingly 6/7 of the missing regions were in C9343, and one was in C8963.
Comparative analysis of the assembled sequences using BRIG indicated that, compared to J2315, the RAPD01/ST-33 clonal lineage represented by these isolates lacks several regions (Fig 3) . Notably, several genomic islands appear to be absent (BcenGI2, BCenGI3 and BcenGI9). It is also notable that several other genomic islands have poor coverage in our sequence results and it is not clear whether these are present or not in the lineage of B. cenocepacia represented by these sequences. Additionally, a region on chromosome 1 containing the wcb genes thought to encode a capsular polysaccharide homologous to a capsular polysaccharide characterized in B. pseudomallei K96243, was missing from all the isolates we sequenced.
In total we confidently identified 76 single nucleotide variants (SNVs) between our isolates and the J2315 reference genome (Table 1) . Of these, 15/76 (20%) were in non-coding regions. Of the 61 SNVs identified in genes, 43/61 (70%) coded for non-synonymous mutations and 18/61 (30%) coded for synonymous mutations. 51 genes contained a single SNV while 5 genes contained 2 SNVs.
Identification of SNVs In Clinical Isolates Following Evolution in the CF Lung
Compared to C3921, C8963 has 40 SNVs of which 34 were in coding regions. 24/34 SNVs in coding regions of C8963 were non-synonymous and 15 of these are predicted by in-silico analysis to a have deleterious effect on the encoded protein. Our data also revealed there were 42 SNVs in C9343 compared to the initial isolate C3921. Of these 42 SNVs, 36 were identified in coding regions of which 24 are predicted to code for non-synonymous mutations and 16 of these predicted to be deleterious mutations (Table 1 and Fig 1) . These SNVs were categorized Phylogenetic analysis of the concatenated MLST alleles for isolates of B. cenocepacia recA subgroup A representing common epidemic clones or isolates commonly used in laboratory studies of this species. A neighbor-joining tree was constructed using the Jukes-Cantor method for computing evolutionary distances. The branch lengths, indicated by the scale bar, are measured as the number of substitutions per site. B. multivorans type strain, LMG13010, was used as an outlier. Bootstrap values (from 1000 replicates) are shown next to the branches. * = isolates belonging to the ET-12 lineage. The tree was constructed using MEGA6 [38] . by function, which revealed the most commonly mutated genes were those involved in genetic regulation and metabolism both before and after the divergence of C8963 and C9343 (9 SNVs in both categories), while C8963 also acquired a number of SNVs in secretion and transport independent of C9343 (N = 3) ( Table 2) .
Based on the confidently identified SNVs, these data are suggestive of an average evolutionary rate of 5.3 x 10 −7 SNVs/bp/year during the course of this CF infection. This rate is similar, albeit slightly higher, to that found in other studies of Burkholderia in CF infection, for example 3.28 x 10 −7 SNVs/bp/year in Burkholderia dolosa [27] . Notably, C8963 and C9343 did not share all SNVs in common. We observed 20 SNVs in common that were present in both C8963 and C9343 compared to the initial isolate from this patient, and 20 and 22 SNVs that were unique to C8963 and C9343 respectively (Fig 1 and Table 1 ). Based on the average SNV rate these data suggest that C8963 and C9343 may have undergone significant parallel evolution, having diverged after approximately four and half years in the CF lung. There were also an additional number of SNVs or putative SNVs identified. Specifically, there were 5 in either C8963 or C9343 for which there was not a confident identification in the Genome sequences of isolates of Burkholderia cenocepacia C3921 (green), C8963 (blue) and C9343 (gold) compared to the reference genome of B. cenocepacia J2315 (purple), created using BRIG. Chromosomes 1 and 2 are drawn to scale. Black circles depict the relative sizes of chromosome 3 and the plasmid. To avoid implying absence where there was a lack of significance in the sequence, all low-confidence query sequences were called as their corresponding base pair in the J2315 sequence. Sequence coverage depth drawn with a maximum value cutoff of 150. The outer rings show the location of genomic islands described in J2315 [26] . PS = putative or known polysaccharide synthesis genes. LPS = lipopolysaccharide biosynthesis genes. BCESM = Burkholderia cepacia epidemic strain marker. other late-stage isolate to assign them common to both C8963 and C9343 but not C3921. Finally there were 9 instances of SNVs where C9343 and or C8963 differed from the J2315 reference sequence, but were too low confidence in C3921. Among these was a SNV in gyrA, which has previously been identified as commonly mutated in B. dolosa during chronic infection [27] . C9343 has previously been shown to have a number of alterations in its pulsed-field gel electrophoresis pattern compared to C8963 following XbaI digestion of genomic DNA [22] . Investigation of larger deletions with respect to the reference revealed three regions where C9343 had a deletion compared to the other samples, as well as the reference. The first was a~1600bp region on chromosome 1 corresponding to the genes orbI, orbJ, orbK and pvdA and the second a~600bp region corresponding to a family M14 peptidase. Previous PCR and transcriptomic data has suggested that C9343 also has a substantial deletion in the Burkholderia cepacia epidemic strain marker (BCESM) [21] . The BCESM region contains a number of putative virulence determinants, including a quorum sensing signaling regulator. The deletion in C9343 can [39] . SNVs included in this analysis were only those for which there was a confident base-pair call in all three isolates (C3921, C8963 and C9343). In addition to these SNVs, 4 others were detected in C8963 for which there was not a confident base-pair call in C9343, these were 2 genes involved in secretion (BCAL1679 and BCAL3527/gspD); one gene involved in iron acquisition (BCAL1698/orbK); and one gene involved in antibiotic resistance (BCAM2615/penA). There were also 4 genes with SNVs in C8963 and C9343 relative to J2315 for which there weren't confident base-pair call. These were 1 gene involved in antibiotic resistance (BCAL2957/gyrA) and, 3 SNVs in 2 genes of unknown function (2 in BCAM0467 and 1 in BCAM0468) doi:10.1371/journal.pone.0143472.t002
be seen in Fig 3 and is approximately 6 kb ranging from BCAM0211 to BCAM0256 in the J2315 reference.
Mucoid C3921 and nonmucoid C3921-CTZ32G
Examination of the data from C3921 and the in-vitro derived nonmucoid isolate C3921-CTZ32G showed there were no confidently identified SNVs or other genomic changes in the sequence data between them. Because we had chosen to assemble our sequences against the somewhat distantly related J2315 reference genome, we also constructed a bespoke reference based upon the sample reads using Medusa [40] . However, we were also unable to identify any differences between C3921 and C3921-CTZ32G using this approach. Furthermore, we were unable to confidently identify any differences between these isolates by reducing the filtering criteria to a minimum depth of 2, minimum root-mean-square read mapping quality of 10, and minimum of 60% of reads supporting the consensus call (data not shown). To determine if differential expression of genes involved in cepacian biosynthesis is associated with the mucoid phenotype in this strain, we examined data from a study that we have previously published comparing mucoid C9343 with nonmucoid C8963 at the transcriptomic level using a microarray. These data revealed there is differential expression of at least some of the genes involved in the cepacian biosynthesis. bce-F (BCAM0859), bce-G (BCAM0860) and bce-R (BCAM1008) were overexpressed in mucoid C9343 2.9, 4.0 and 2.1 fold respectively [21] . Because there are numerous genetic differences between mucoid C9343 and nonmucoid C8963, we sought to examine transcription of the cepacian biosynthetic operon in C3921 and C3921-CTZ32G. Consistent with our previous data, quantitative RT-PCR of select genes from the bce-I and bce-II clusters showed elevated expression of genes from both clusters in the mucoid isolate (Fig 4) .
Discussion
One of the more challenging aspects of the infections caused by BCC bacteria is their chronic nature, with infections lasting years, and sometimes decades, making in-vitro modeling of virulence challenging. Whole-genome sequencing offers the opportunity to understand adaptation at the genomic level 'in-vivo' by examining isolates taken at different stages of chronic infection. The data presented here are one of the first comparative analyses of B. cenocepacia longitudinal clinical isolates taken from a chronic cystic fibrosis infection. The aim of this study was to characterize at the genomic level three sequential clonal isolates of B. cenocepacia taken from the beginning (C3921) and end (C8963 and C9343) of a single and ultimately fatal cystic fibrosis infection (Fig 1) . These isolates are of interest because: i) they were part of an epidemic clone responsible for a number of infections in the Vancouver CF population [41] ; ii) they are closely related by MLST (differing by a single base pair) to an epidemic clone responsible for a large outbreak in the Czech CF population, where there was significant mortality due to cepacia syndrome [37, 42] and iii) they display colony morphology differences, with the initial isolate (C3921) being mucoid while the later isolate (C8963) is nonmucoid and the last isolate (C9343) is mucoid [21, 22] .
Our data reveal differences between the epidemic lineage represented by the isolates sequenced in this study and the more commonly studied Electrophoretic Type (ET)-12 lineage represented by the J2315 reference sequence (Fig 3) . Notably, these isolates are missing several genomic islands encoded in the J2315 genome (BcenGI2, BcenGI3 and BcenGI9) and also a region encoding a putative capsular polysaccharide (Fig 3) . This later observation is important in the context of the mucoid phenotype displayed on exopolysaccharide promoting agar plates by these isolates, indicating that these genes are not required for mucoidy. While these isolates were taken from an ultimately fatal CF infection, it is noteworthy that this infection lasted 10 years in a female patient. We have recently published data that showed, in the same population, median survival for females with B. cenocepacia was just 2.28 years [41] . It has also been previously speculated that there may be differences in virulence between the ET-12 and ST-32 lineages, the later of which is closely related to these isolates [4] . Therefore, these regions of difference may represent targets worthy of further investigation for their contribution to heightened virulence in BCC.
Three previous studies have looked at whole-genome sequences of other BCC following evolution in either lung infections caused by an epidemic strain of B. dolosa [27, 43] or in an invitro model of biofilm evolution in B. cenocepacia H111 [28] . Our data extends these observations to a single CF lung infection caused by an epidemic lineage of B. cenocepacia. There have also been studies examining changes in a closely related bacteria, B. pseudomallei, a primary human pathogen also capable of establishing chronic carriage over decades [44] . In common with these studies, we also found mutations in rpoC as well as a number of genes related to central metabolism, iron metabolism and control of transcription, reinforcing these common themes in adaptation to chronic infection in the CF lung (Table 2 ). Interestingly we also detected SNVs in gyrA in both C8963 and C9343 in amino acid position T83 relative to J2315. Mutations in gyrA can confer resistance to fluoroquinolone antibiotics, which appears to be a common adaptation to growth in the CF lung in both Burkholderia and P. aeruginosa infections [27, 45] . The mutations that we found in common between C8963 and C9343 may indicate features important to initial pathoadaptation to the CF lung. In particular genes involved in genetic regulation (N = 4) and metabolism (N = 4 plus 1 involved in iron acquisition) received the highest numbers of non-synonymous SNVs within each category (Table 2) . However, it is important to interpret these results carefully. As with the studies on B. dolosa [27, 43] , this infection is part of an outbreak of B. cenocepacia that occurred before effective infection control [41] and therefore it is likely that these isolates were acquired directly from another CF lung infection. Although we do not know for certain if this patient acquired their B. cenocepacia from another patient, it is possible that these isolates had already undergone pathoadaptation to the CF lung and any changes that we observed were specific to adaptation in our case. Nonetheless, the genes involved in genetic regulation (BCAL0227/rpoC, BCAM1342, BCAM1722 and BCAS0007), in particular, represent interesting targets for future work to understand factors involved in B. cenocepacia evolution in CF lung infections.
Our finding that isolates C8963 and C9343 only shared around 50% of SNVs in common, compared to the initial isolate C3921, implies that these two isolates diverged and co-existed in parallel for almost half of the infection. This finding is consistent with the diverse community model proposed by Lieberman and colleagues, following their sampling of patients infected with an epidemic strain of B. dolosa [43] . In this model, an initial infecting strain diverges over time in the CF lung with the establishment of a range of stable sub-populations. Similar findings have also been recently reported for B. pseudomallei [46] and P. aeruginosa [47] . Therefore, to fully understand BCC infections in the CF lung, it appears that increased sampling is merited.
There was very little overlap between the SNVs identified in this study and the genes and proteins that we have previously described as differentially regulated between C8963 and C9343 [17] . Noteworthy genes that did overlap include the two SNVs in oxyR found in C8963 (Table 1) . oxyR is known in other bacteria to be involved in regulating genes in response to oxidative stress [48] . This includes the gene ahpC which we have shown is overexpressed in C8963, therefore it is conceivable that these SNVs are involved in overexpression of ahpC [21] . Another notable SNV is in the gene BCAM0207, annotated as a tyrosine-protein kinase and part of a putative polysaccharide cluster, which contained a SNV in C9343. We previously found this to be overexpressed 62.1 fold in C9343 versus C8963. BCAM0207 is an orthologue of a gene in the cepacian biosynthesis operon, bce-F. bce-F has been previously shown to be required for cepacian biosysnthesis [49] , as well as for invasion of epithelial cells [50] . While it is not essential for the mucoid phenotype in these isolates (as isolates with both variants of the SNV are mucoid), it is conceivable that this gene is involved in the EPS profile of this isolate and/or the severity of infection in this patient and this merits further study. Finally, in this study we also observed the absence of a significant part of the BCESM in C9343 (Fig 3) , this contains a quorum sensor regulator and its loss could in part explain the loss of some of the apparently quorum sensing related phenotypes we have previously observed in C9343.
It is notable that we were unable to detect any genomic differences between the mucoid C3921 isolate and its nonmucoid derivative C3921-CTZ32G. BCC bacteria are known to be capable of producing a number of different exopolysaccharides [22, 25, [51] [52] [53] . However, the main exopolysaccharide produced in most clinical strains of BCC is 'cepacian' which is produced under the control of genes in the bce-I and bce-II loci (annotated on the J2315 genome sequence BCAM0854-BCAM0864 and BCAM1003-1011 respectively) [29] . Our study was unable to find any differences in these regions and in sequences both up and down stream that could account for the difference in morphology. It is, however, clear from these data that another previously described putative exopolysaccharide cluster of genes, wcb, (annotated on the J2315 genome sequence as BCAL3218 to BCAL3245 [25] ) are not essential for the mucoid phenotype as they were absent in all strains including those elaborating the mucoid phenotype. Both the results of the RT-PCR (Fig 4) and an analysis of our previous transcriptomic data, show that there is differential expression of at least some genes involved in the cepacian biosynthesis. These data suggest, therefore, that there is genetic control of at least these genes and this may contribute to the lack of exopolysaccharide product. Because our study was not powered to fully complete the genome sequences, it seems likely that the genetic control of these genes is from a region that we have not identified. It is has been shown that the third chromosome (now thought to be a plasmid) does not appear to encode a regulator of exopolysaccharide production in B. cenocepacia H111 [54] . Nonetheless, it remains conceivable that there could be strain specific factors involved in control of exopolysaccharide production and these remain elusive.
One of the limitations of this analysis has been the lack of a reference genome for this lineage of B. cenocepacia which forced us to compare our data against the completed genome sequence for B. cenocepacia J2315. As can be seen from the MLST phylogeny (Fig 2) , there is some distance between J2315 and our isolates, which reduces the quality of alignment, including causing a larger percentage of reads to be unmapped. However, we took care to investigate the reads that did not map to J2315 intensively, and were unable to find differences in them between C3921 and C3921-CTZ32G. We used strict filtering criteria of mapping results to prevent identification of false positive variant positions, thus it is possible that additional variation would have been identified if less stringent criteria were used. However, no differences between C3921 and C3921-CTZ32G arose when the filtering criteria were relaxed. The development of additional well annotated reference sequences for lineages of B. cenocepacia would be useful for future studies examining larger numbers of isolates from chronic infections. However, we did also conduct this analysis using a bespoke reference, and were still unable to determine any differences between the nonmucoid C3921-CTZ32G and its mucoid parent. Advances in genome sequencing technologies, which enable longer reads, will in the future enable easier assembly of sequence data.
In conclusion, these data complement existing studies, have identified genes that may be important in the pathobiology of B. cenocepacia in the CF lung, and help clarify our previously published data regarding isolates C8963 and C9343. Specifically, these data support the model of divergent evolution in the CF lung and extend this observation to one of the most common BCC species, B. cenocepacia. Future studies will examine larger numbers of isolates from infection and these will help further illuminate the genetic strategies used by B. cenocepacia to establish and maintain chronic infection in the CF lung.
